Autophagy is an essential recycling pathway implicated in neurodegeneration either as a pro-survival or a pro-death mechanism. Its role after axonal injury is still uncertain. Axotomy of the optic nerve is a classical model of neurodegeneration. It induces retinal ganglion cell death, a process also occurring in glaucoma and other optic neuropathies. We analyzed autophagy induction and cell survival following optic nerve transection (ONT) in mice. Our results demonstrate activation of autophagy shortly after axotomy with autophagosome formation, upregulation of the autophagy regulator Atg5 and apoptotic death of 50% of the retinal ganglion cells (RGCs) after 5 days. Genetic downregulation of autophagy using knockout mice for Atg4B (another regulator of autophagy) or with specific deletion of Atg5 in retinal ganglion cells, using the Atg5 flox/flox mice reduces cell survival after ONT, whereas pharmacological induction of autophagy in vivo increases the number of surviving cells. In conclusion, our data support that autophagy has a cytoprotective role in RGCs after traumatic injury and may provide a new therapeutic strategy to ameliorate retinal diseases. Degeneration of RGCs is often modeled by optic nerve transection (ONT), which leads to the death of these central nervous system neurons.
Autophagy is an essential recycling pathway implicated in neurodegeneration either as a pro-survival or a pro-death mechanism. Its role after axonal injury is still uncertain. Axotomy of the optic nerve is a classical model of neurodegeneration. It induces retinal ganglion cell death, a process also occurring in glaucoma and other optic neuropathies. We analyzed autophagy induction and cell survival following optic nerve transection (ONT) in mice. Our results demonstrate activation of autophagy shortly after axotomy with autophagosome formation, upregulation of the autophagy regulator Atg5 and apoptotic death of 50% of the retinal ganglion cells (RGCs) after 5 days. Genetic downregulation of autophagy using knockout mice for Atg4B (another regulator of autophagy) or with specific deletion of Atg5 in retinal ganglion cells, using the Atg5 flox/flox mice reduces cell survival after ONT, whereas pharmacological induction of autophagy in vivo increases the number of surviving cells. In conclusion, our data support that autophagy has a cytoprotective role in RGCs after traumatic injury and may provide a new therapeutic strategy to ameliorate retinal diseases. Retinal ganglion cells (RGCs) are the only projecting neurons of the retina. Their axons form the optic nerve and transmit visual information to the brain. RGCs undergo apoptotic cell death in a stereotyped manner during development and in response to injury, in glaucoma and other optic neuropathies. 1 Degeneration of RGCs is often modeled by optic nerve transection (ONT), which leads to the death of these central nervous system neurons. 2 The mechanisms of RGC death are still a matter of intense investigation, and several factors including growth factor deprivation and oxidative stress have been proposed to participate in RGC degeneration in glaucoma and after ONT. 1, 3 Autophagy is an intracellular catabolic pathway, which degrades cell components, toxic aggregates and damaged organelles and recycles them as basic building blocks in order to maintain cellular homeostasis. 4 Autophagy begins with the formation of a double membrane, sequestering parts of the cytosol and finally closing to form an autophagosome. This autophagosome subsequently fuses with lysosomes, thus, enabling degradation of the engulfed material. 4 Autophagy represents a cytoprotective response in many cell types 5 and its deregulation is implicated in many pathological conditions, including cancer, infectious diseases and neurodegeneration. 6 The role of autophagy in neuronal physiology is still far from being completely understood. 7, 8 On one hand, autophagy is essential in preventing spontaneous neurodegeneration in mice, as deletion of the autophagy regulators Atg5, Atg7 and FIP200 in neuronal precursors induces cell death, accumulation of damaged ubiquitinated proteins and premature lethality. [9] [10] [11] Similarly, upregulation of autophagy decreases the accumulation of protein aggregates in several neurodegenerative proteinopathies. 12, 13 Conversely autophagy triggers neuronal death under several circumstances such as after hypoxic/ischemic brain injury. 14, 15 The retina is an accessible region of the central nervous system in which autophagy was shown to be activated in a rat model of ONT, as well as in a RGC line after serum starvation. 16 Few studies have addressed the role of autophagy in this organ in vivo, reporting opposite results as both cytoprotective and procell death effects have been described in photoreceptors in fly 17 and mouse models, 18 whereas detrimental effects of autophagy have also been described after optic nerve damage. 19, 20 The goal of our study was to understand the function of autophagy following ONT in vivo. Here we demonstrate that autophagy is activated shortly after optic nerve axotomy in mice and has a cytoprotective role. By using a recently described knockout mouse model of autophagy impairment we demonstrate that genetic downregulation of autophagy increases RGC death, whereas pharmacological upregulation of autophagy reduces RGC loss in vivo. Thus, autophagy modulation may represent a new therapeutic target to ameliorate RGC degeneration in optic neuropathies.
Results
RGC death and autophagy activation after optic nerve axotomy in mice. In order to characterize the precise dynamics of RGC death after ONT, optic nerves from adult mice were unilaterally sectioned and analyzed at different time points after the injury. RGCs were immunostained against Brn-3a, a specific transcription factor of RGCs, and counted in the ganglion cell layer (GCL), which is composed both by RGCs and displaced amacrine cells, a cell type unaffected by axotomy as their prolongations do not form part of the optic nerve. A significant decrease in the number of RGCs was observed starting at 5 days after axotomy by Brn-3a immunostaining (Figures 1a and c) , which was confirmed by retrograde labeling of RGCs with dextran tetramethylrhodamine (DTMR) (Figures 1b and d) and by immunoblotting of whole retinal extracts against neuronal markers (Supplementary Figure 1A) . In agreement, a decrease in the total number of cells in the GCL stained with DAPI was observed (Supplementary Figure 1B) . Dying RGCs displayed pyknotic nuclei (Figures 2a and b) , intranucleosomal DNA fragmentation (Supplementary Figure 1C) and activated caspase-3 (Figures 2c and d) . Together these data demonstrate that optic nerve axotomy in mice induces apoptotic cell death of RGCs, peaking at 5 days after the lesion.
Autophagy induction was studied in parallel by performing ONT in GFP-LC3 mice. This mouse constitutes a reliable model to monitor autophagic activity in vivo by visualizing AP formation with the autophagosomal-associated protein LC3 coupled to GFP. 21 In control retinas, the RGCs only manifest a diffuse cytosolic GFP-LC3 pattern (Figures 3a and b , left panels) in agreement with previous studies in which neurons show low levels of autophagy under basal conditions. Figure 2A ) and no changes were observed in the other layers of retinal cells. An increase in LC3-II, the lipidated autophagosome-associated form of LC3, and Beclin 1 can also be observed at 4 days after the injury (Supplementary Figure 2B ). These differences were less pronounced as immunoblot was performed in total retinal extracts and RGCs comprise o5% of total cells in the adult mouse retina. Consistently, autophagy was upregulated at the transcriptional level as Atg5 -an essential component for autophagosome formation -mRNA expression was induced ( Figure 3d ). In addition, ultrastructural analyses of axotomized retinas showed that RGCs presented pyknotic nuclei, autophagosomes and dilated endoplasmic reticulum ( Figure 3e ). Moreover, swollen mitochondria with altered cristae and weak electrodense lumen, which were frequently engulfed by autophagosomes, were often observed ( Figure 3e ). Together our data show that autophagy upregulation occurs 3 days after ONT and before cell death peak.
Pharmacological induction of autophagy reduces cell death and oxidative damage. Oxidative damage has been implicated in RGC death after optic nerve axotomy and during glaucomatous neuropathy. 3 . As expected, axotomy induced an increase in reactive oxygen species (ROS) levels in RGCs determined by di-hydroethidium (DHE) staining in vivo (Figure 4a ), a probe that particularly detects superoxide anion levels, one of the two ROS species considered as the major autophagy inductors. 22 When we challenged RGC clone 5 (RGC-5) retinal cells with the ROSinducing agent paraquat (PQ), we observed loss of mitochondrial membrane potential, enhanced ROS production and an increase in cell death (Figures 4b-d and Supplementary Figures 3A and B) . In order to study whether the autophagy upregulation observed in vivo after ONT contributes to cell death or by contrast, represents a cytoprotective response, we modulated autophagy in vitro in RGC-5 cells. Rapamycin treatment induced autophagy activation as determined by increased levels of LC3-II and a reduction of the LC3-binding protein and autophagy substrate p62 ( Figure 4e ) and protected from cell death induced by PQ toxicity (Figure 4d ). Treatment with PQ alone induced an increase in p62 levels, according to previous studies in which an upregulation of this protein was observed under an oxidative stress situation. 23 Rapamycin also preserved mitochondrial membrane potential and decreased intracellular ROS production (Figures 4b and c) . Conversely, pharmacological autophagy inhibition by 3-methyladenine (3-MA) reduced cell viability, decreased mitochondrial membrane potential and increased ROS production in untreated cells (Figures 4b-d) . In PQ-treated cells, 3-MA also increased cell death at earlier time points (Supplementary Figure 3B) . Altogether these data confirm that ROS are negatively correlated with mitochondrial membrane potential and positively with the incidence of cell death. Further, autophagy induction protects RGC-5 cells from mitochondrial damage and cell death, whereas autophagy inhibition promotes ROS production and cell death.
Autophagy induction increases RGC survival, whereas its genetic downregulation reduces cell viability in vivo. To test whether an increase in autophagy could protect retinal cells from axotomy-induced degeneration, axotomized WT mice were treated with the autophagyinductor rapamycin. We observed a significant increase (40%) in the number of surviving RGCs after 10 days as compared with the vehicle-treated animals ( Figure 5a ). Interestingly, this cytoprotective effect correlated with an increase in the ratio LC3-II/LC3-I in whole retinas from mice treated with rapamycin during 10 days (Figure 5b and Supplementary Figure 4A ). Note that this increase is rather modest as the western blot is performed in whole retinal extracts and RGCs, the only cell type affected by the injury and in which autophagy is activated, represent o5% of the total cells of the adult mouse retina. Together these results demonstrate that autophagy induction is beneficial and protective after injury in vivo in agreement with our in vitro results.
To further confirm these data, we took advantage of the recently described Atg4B À/À mice. 24 These mice are viable and fertile, they display reduced autophagy levels in many tissues including the brain, and increased levels of ubiquitinated proteins and the autophagy substrate p62. 24 As expected, retinas from Atg4B À/À mice showed reduced levels of LC3 lipidation and increased levels of p62, indicating that basal autophagy is reduced in the retinas (Figure 5d and Supplementary Figures 4B and C) . Atg4B deletion did not alter retinal function as determined by electroretinogram in adult mice, and intact retinas contained equal number of RGCs compared with WT animals (data not shown), indicating that autophagy downregulation in these mutant mice does not induce major alterations in visual function and RGC generation. To test whether their reduced basal autophagy could influence RGCs survival after axotomy, we performed ONT in Atg4B À/À mice and observed, 10 days after axotomy, a reduced number of surviving RGCs (28% less) as compared with WT mice (Figure 5c ). These data support our hypothesis that autophagy increases RGCs survival after injury.
To discard that these effects on RGC death resulted from indirect autophagy modulation in neighboring cells, we exclusively eliminated Atg5 in RGCs. This was achieved by intravitreal injection of the adenovirus AAV-Cre-GFP serotype2, which specifically transduces RGCs, into Atg5 flox/flox mice. 9 Consistent with our observations on Atg4B À/À mice, AAV-Cre-GFP injected retinas displayed reduced numbers of surviving RGCs (33%) after axotomy as compared with those injected with the reporter AAV-GFP (Figure 5e ). Injection of AAV-Cre-GFP increased the accumulation of p62 and ubiquitin-positive proteins (Figure 5f ), 9 although a clear reduction in LC3 lipidation in retinal protein extracts was not observed, likely because of the fact that RGCs represent o5% of total cells in the retina 1 Figures  4D and E) . Together our results demonstrate that genetic downregulation of autophagy by two distinct approaches reduces RGC survival after optic nerve injury in vivo.
and also because adenoviral infection does not transduce all cells (Supplementary

Discussion
In this work we have addressed the role of autophagy in retinal neurodegeneration by combining in vitro and in vivo, pharmacological and genetic approaches. First, by using an acute experimental model of ONT in mouse that induces RGC death in combination with a transgenic mouse model that allows monitoring autophagy in vivo, we have found that autophagy is rapidly induced after ONT, also at the transcriptional level, before RGC cell death. Further, we have demonstrated that the observed autophagy upregulation after axotomy constitutes a cytoprotective response. Pharmacological 1 This is a widely used model in glaucoma research as the only spontaneous type of this disorder with similar symptoms to the human pathology, the DBA/2J mouse, has a great variability and asymmetry in developing the disease, thus, large cohorts of animals must be used to obtain significant results. 25, 26 Some studies have determined the decrease in the number of RGCs after ONT or crushed mostly by retrograde labeling, but a detailed analysis of the kinetics of apoptotic cell death after ONT had not been previously performed in mice. Here, to finely characterize the kinetics of the process, we have performed a detailed time course by using several and complementary techniques: counts of pyknotic nuclei stained with DAPI, number of cells with activated caspase-3 by confocal microscopy and DNA fragmentation by ELISA. All these techniques provided congruent results, with a cell death peak around day 5 after injury. Importantly, cell counting by confocal microscopy in the GCL was by far the most sensitive technique as it only takes into account changes the GCL in contrast to other methods as western blot or ELISA that are performed in whole retinal extracts.
Autophagy dysfunction has been directly associated to a growing number of neurodegenerative disorders. 8 We have recently found impaired autophagy in a mouse model of Parkinson disease (PD) and an accumulation of the autophagosome-associated LC3-II in PD patients. 27 Importantly, rapamycin treatment prevented dopaminergic neurodegeneration in parkinsonian mice, 27 confirming previous evidences that autophagy induction is beneficial in models of neurodegeneration, which course with protein aggregates in mouse 12, 13, 28, 29 and in fly models of retinal degeneration. 17 In our hands, rapamycin treatment protects retinal neurons after ONT (40% increase) in mice. Thus, our results extend to neuronal pathologies not associated with protein accumulation the spectrum of diseases in which autophagy has a cytoprotective role. To finally demonstrate the beneficial effect of autophagy in our system autophagy-deficient animals were subjected to axonal injury, a strategy that has never been used in mice. First, we use the recently described Atg4B À/À mice that have reduced levels of basal autophagy but are able to induce autophagic flux under several circumstances. 24 The number of surviving RGCs after axotomy is lower in Atg4B À/À mice compared with control mice, indicating that proper autophagy levels are needed to protect neurons after injury. The same result was obtained when Atg5 was specifically deleted in RGCs cells using the cre-lox strategy in the Atg5 flox/flox mice. These data imply that autophagy is essential for RGC survival after ONT in adult individuals, precluding the possibility that the effects observed in Atg4B À/À mice were because of putative developmental defects caused by their decreased basal autophagic activity.
On one hand, we have found that there is an increase in the levels of ROS in the RGCs after the axonal injury, and by analyzing the ultrastructure of these degenerating neurons we have detected damaged mitochondria, some of them inside APs. On the other hand, our results demonstrate that the upregulation of autophagy activity leads to an extended neuronal life after a traumatic brain injury, hence, we postulate that autophagy might be involved in removing damaged mitochondria, which will in turn reduce the levels of ROS species and oxidized proteins. 22 Our in vitro results indeed corroborate this theory as we demonstrate that rapamycin, through autophagy induction, protects RGCs in response to oxidative damage, whereas autophagy inhibition has the opposite effect. Importantly, the retina is one of the most commonly affected tissues in mitochondrial diseases, 30 and essential proteins for mitophagy 31 have a reduced expression in glaucomatous mice. 32 Autophagy may also be involved in additional cytoprotective functions by removing axonal debris or remodeling cytoskeleton, 33 and as a pro-survival response after growth factor deprivation that results from RGC disconnection from their targets and through provision of ATP to the retina. 34 Altogether these data show for the first time the cytoprotective role of autophagy in cell soma after axonal insult and may provide the basis for new regeneration therapies, in which prolongation of neuronal soma survival is crucial for axonal maintenance and regeneration. It is important to remark the great degree of neuroprotection achieved in such a drastic model. This fact indicates that autophagy upregulation may be highly relevant in milder situations of axonal damage such as glaucoma and other optic neuropathies and points out autophagy modulation as a promising clinical target to ameliorate retinal degenerative disorders.
Materials and Methods
Animal procedures. Experiments were approved by the local ethics committee for animal experimentation, and carried out in accordance with the EU guidelines and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. GFP-LC3 transgenic mice 21 and Atg5 flox/flox9 were provided by Noboru Mizushima. Atg4B À/À mice were provided by Carlos López-Otín. 24 In order to perform ONT, animals were anaesthetized with 80 mg/kg intraperitoneal (i.p.) injection of ketamine chlorhydrate solution (Merial, Barcelona, Spain) and 10 mg/kg 2% xylacine chlorhydrate (Bayer, Barcelona, Spain). Left optic nerves were intraorbitally sectioned at 1 mm from the eyeball, and right eyes were used as control. Care was taken not to injure blood vessels and this was confirmed by fundus ophthalmoscopy. After surgery, antibiotic solution (Terra-Cortril; Pfizer, Girona, Spain) and analgesic (Buprenorphine; Bedford Laboratories, Bedford, OH, USA) were administered. Retrograde labeling was performed by placing a piece of spongostan absorbed with 0.1% fluorescent tracer DTMR (Molecular Probes, Paisley, UK) on the optic nerve stump after surgery. ROS were measured in RGCs in vivo after the axotomy, 18 h before killing, by an i.p. injection of DHE (Invitrogen, Paisley, UK), which specifically measures O 2 À levels, at 25 mg/kg, dissolved in DMSO and diluted right before administration in 5% Tween 80, 5% polyethylene glycol 400 and 0.9% NaCl. For intraocular injection, Atg5 flox/flox mice were anesthetized and the left eyes injected with a 35-gauge needle in the lateral zone 1 mm behind sclero-corneal limbus with 1 ml of the adenovirus AAV2-GFP or AAV2-Cre-GFP (Vector Biolabs, Philadelphia, PA, USA). Rapamycin (Euromedex, Souffelweyersheim, France), dissolved in DMSO, was diluted right before administration in 5% Tween 80, 5% polyethylene glycol 400 and 0.9% NaCl, and injected i.p. at 7.5 mg/kg at 2 days before the injury, and afterward daily until killing with an overdose of sodium pentobarbital.
The Immunohistofluorescence and cell death ELISA. Retina isolation and immunohistofluorescence was performed as previously described 34 with Brn-3a (Millipore, Billerica, MA, USA), cleaved caspase 3 (Cell Signaling, Boston, MA, USA) and alexa-conjugated secondary antibodies (Invitrogen). GCL was analyzed on a confocal microscope (TCS SP2; Leica Microsystems, Barcelona, Spain). Cell counting was performed by using the Image J software (NIH, Bethesda, MD, USA) on maximal confocal projections of eight fields per retina acquired with the Â 63 objective. DNA fragmentation was determined using a Cell Death ELISA kit (Roche, Basel, Switzerland) that quantifies the histone-associated DNA fragments (mono-and oligonucleosomes) produced during apoptosis. Control and axotomized retinas were individually homogenized in 400 ml incubation buffer and cleared by centrifugation at 12 000 Â g for 15 min; 2.5 ml of supernatant in a final volume of 25 ml was added to the ELISA plate.
Quantitative RT-PCR. RNA isolation and RT were performed for individual retinas as previously described. 34 Q-PCR was performed with 100 ng cDNA with a TaqMan Universal PCR Master mix using probes from the Universal ProbeLibrary Set in a 7900 HT-Fast Real-Time PCR System (Roche Applied Biosystems, Pleasanton, CA, USA). Each value was adjusted by using 18S RNA levels as a reference. Primer sequences were atg5F 5 0 -GAATATTTTGAATCTCCCGTTCC-3 0 , atg5R 5 0 -GGCCACAATGACATAATCCA-3 0 , 18sF 5 0 -TGCGAGTACTCAACACCAA CA-3 0 and 18sR 5 0 -TTCCTCAACACCACATGAGC-3 0 .
Western blot. Western blot analysis was performed as previously described, Transmission electron microscopy. Ultrastructural analysis was assessed as previously described, 34 and observed using a Zeiss EM 902 transmission electron microscope (Zeiss, Oberkochem, Germany), at 90 kV, on ultra-thin sections (50 nm) stained with uranyl acetate and lead citrate.
Cell culture and flow cytometry analysis. RGC-5 cells 35, 36 were cultured in DMEM, 10% FBS and 1% penicillin/streptomycin in a 5% CO 2 incubator. Cells were treated with 500 mM PQ (Sigma), 100 nM rapamycin and 10 mM 3-MA (Sigma) for 24 and 48 h. When drugs were combined they were added simultaneously to the wells. After treatments cells were trypsinized and incubated with dichloro-fluorescein (DCF, 5 mM, Invitrogen) for 30 min at 37 1C to measure intracellular ROS production in viable cells. 3, 3 0 -dihexyloxacarbocyanine iodide (DiOC 6 (3), 50 nM 15 min; Invitrogen) was used to determine mitochondrial membrane potential, and propidium iodide (PI, 1 mg/ml, Sigma) to determine cell viability. In total, 10 000 cells were recorded in each analysis in an EPICS XL flow cytometer (Beckman Coulter, Barcelona, Spain).
Statistical analysis. Results are expressed as mean ± S.E.M. of six in vitro experiments and at least five animals per group. Statistical analysis was performed using the JMP IN 4.0.3 software (JMP Software, Cary, NC, USA). For most analyses we used one-way ANOVAs including treatment as a fixed factor. If normality and homoscedasticity assumptions were not met we applied non-parametric tests. For all tests, the significance level was Pr0.05 (two-tailed) indicated by asterisk, and multiple testing was accounted for using Bonferroni correction.
